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NATIONAL ADVISORY COMMITTEE EOE AERONAUTICS 


ADVANCE CONFIDENTIAL REPORT 


A THEORETICAL ANALYSIS OF THE PERFORMANCE OF A DIESEL 
ENGLNE-COMPRESSOR-TUEBINE COMBINATION FOR AIRCRAFT 
By Eldon W. Hall 


SUMMARY 

A theoretical study was made of a Diesel engine- compress or - 
turbine combination for aircraft application. The performance char- 
acteristics of the compressor and the turbine chosen for the analysis 
are believed to be attainable on present aircraft equipment. Maximum 
cylinder pressure , maximum exhau 3 t-gas temperature 9 and maximum 
engine speed were limited to values now obtained on spark-ignition 
engines. The analysis indicates favorable performance characteristics 
for the proposed power plant for the following combinations of condi- 
tions : 

(a) Extremely high engine inlet-manifold and exhaust-manifold 

pressures 

(b) Very lean fuel-air ratio 

(c) Low engine compression ratio compared with conventional 

Diesel engines to reduce the maximum cylinder pressure 

to a safe value 

(d) Inter cooling between the compressor and the engine 

(e) Use of turbine power in excess of that required to drive 

the compressor 

The results indicate that it would be possible to obtain much 
more power per unit displacement volume with this combination than 
with a spark- Ignition engine of the same maximum cylinder pressure 
and engine exhaust-gas temperature. When the proposed combination 
was assumed to operate under these conditions, the computed specific 
fuel consumption at maximum power was lower than that now obtainable 
with spark- ignition engines operating under a lean-cruise condition. 
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Because of the internal cooling provided by the large quantity 
of excess air in the proposed system, adequate engine cooling would 
he considerably easier to obtain than for a conventional Diesel engine. 
The weight per horsepower output of the combination was calculated to 
be less than that of a conventional spark-ignition aircraft engine. 


INTRODUCTION 

Considerable work is being done on the combination of the spark- 
ignition engine with a turbine and a compressor to increase the power- 
plant efficiency and performance. 

The occurrence of fuel knock prevents a spark -ignition engine 
from operating at the high inlet -manifold and exhaust -manifold pres- 
sures and the lean mixtures that are necessary to obtain maximum 
performance. The Diesel engine is not limited by this fuel-knock 
condition and, when operated in conjunction with turbine and compres- 
sor, presents the possibility of considerably better performance than 
an equivalent system incorporating a spark-ignition engine. 

The main objections to the application of the Diesel engine to 
airplanes have been the high specific weight and the large amount of 
external cooling required. Combinations of Diesel engine, compres- 
sor, and gas turbine have been proposed for marine use; one system 
already being successfully used is described in reference 1. The 
present analysis, made at the Aircraft Engine Research Laboratory of 
the NACA during the summer of 1943, is the study of a combination of 
similar components to be applied specifically to aircraft and reveals 
how the system would eliminate most of the serious difficulties 
involved in the use of a Diesel engine alone. 

The purpose of the analysis in this report is to show the per- 
formance that may be possible with a current aircraft spark-ignition 
engine modified to operate on the Diesel cycle in combination with 
a compressor and a turbine while adhering to the current limitations 
on maximum cylinder pressure, engine speed, and exhaust-gas temp ma- 
ture. Curves are presented that show the performance for various 
engine inlet and exhaust pressures with and without the compressor 
and turbine geared to the engine shaft. The equations used in the 
analysis are derived in the appendix. 

The values for the weights and the efficiencies of the compon- 
ents of the system used in the analysis are characteristic of current 
practice. The system may be built around components that have already 
reached advanced stages of development for aircraft use, and their 
adaptation to the proposed system should be a relatively simple 
problem. 
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ANALYSIS 

In the firat part of the proposed cycle the air is compressed 
in a supercharger, intercooled, and introduced into the engine at 
high pressure. In the engine it is further compressed to the maxi- 
mum cylinder pressure; the fuel is introduced, turned at constant 
pressure, and the mixture is then expanded. The compression ratio 
of the engine is so computed as to provide the desired maximum cyl- 
inder pressure at the end of the compression stroke. At the end of 
the expansion stroke the gases are exhausted at a high hack pressure 
into the turbine and thence to the atmosphere. The amount of fuel 
Introduced is limited by the condition that the exhaust -gas tempera- 
ture do©3 not exceed a value considered safe for turbine operation. 
For additional power the exhaust gas could be discharged rearwardly 
from the turbine to obtain jet thrust. 

When the engine back pressure or the turbine inlet pressure is 
made equal to the engine inlet pressure, the turbine power is nor- 
mally greater than, the compressor power; for this case, the coupled 
turbine and o®m|sreaftOr are poiaihcled bj a gear-reduction unit to §ij#. 
engine shaft, and the excess power is added to the engine power for 
driving the prop<$3 ar «. If the engine back pressure is less than the 
engine inlet pressure and is of such value that the turbine and the 
compressor powers are equal, It would not be advantageous to gear 
the turbine and compressor to the engine shaft and these two compon- 
ents become a turbosupercharger. The loss in turbine power in this 
case is partly compensated by the Increase in engine power tiigt 
results from the reduction in back pressure. An optimum back pres- 
sure exists at which the net power is n maximum. 

With addltijjfptl engine modifications, the system can be oper- 
ated on a two-stroke cycle. With this type of operation, the engine 
back pressure should be less than the engine inlet pressure to permit 
scavenging of the engine cylinders. Two-etroke-cycle operation, 
which is well suited for the Diesel cycle because no loss of fuel 
occurs during the scavenging process, further increases the power 
output obtainable with this system. 

The cycle for the proposed system is shown diagrammatically in 
figure 1. The air is firat compressed from points 1 bo 2 in a turbo- 
supercharger, intercooled from points 2 to 3, and introduced into the 
engine under high pressure at point 3. In the engine it is further 
compressed to the maximum cylinder pressure at point 4 where fuel as 
injected and combustion is started. The main part of the combustion 
process occurs from points 4 to 5 at constant pressure. 
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The rest of the combustion occurs during the polytropic expand on 
from points 5 to 6. At the end of the expansion stroke (point 6) 
the pressure is dropped to the engine back pressure at point 7, 
which may be either above or below the engine inlet pressure, 
depending on the power desired in the turbine. Part of the gases 
remaining in the cylinder are then exhausted from the engine to 
point 8 and the pressure of residual gases is changed to the engine 
inlet pressure (point 9) when the engine inlet valve is opened. 

The gases leaving the engine are irreversibly expanded to the tur- 
bine inlet pressure at point 1C; the temperature at this state us 
insured safe for turbine opggaticn by limiting the quantity of fuel 
introduced during tho burning phase in the engine. The gases are 
then expanded through the txrbirie to the initial air pressure at 
point 11. The combustion during the expansion process from points 5 
to 6 is undesirable bur is 'introduced, to simulate more closely actual 
engine performance . 

In order to show more clearly the possibilities of the proposed 
system, an aircraft engiflii with a displacement of 1820 cubic inches 
and modified to operate as a Jjiesel engine in the suggested manner 
was considered. Tho conditions applied in the calculations of the 
performance of the system wore (1) that the maximum cylinder pres- 
sure did not exceed a value considered safe for current spark- ignition 
engines and (2) that the exhaust-gas temperature did not exceed a safe 
value for turbine operation. 

The following aro the assumed operating conditions: 


Maximum cylinder pressure p^, pounds per squftg# inch .... 1200 
Maximum temperature aw t urbane inlet absolute . , . 2260 

Engine displacement Y^, cubic inches por cycle 1820 

Engine speed E, rpm 2400 

Compressor r fofr percent 7Q 

Turbine efficiency p, , percent 70 

Engine mechanical efficiency q , percent 8-7.5 

Eeduct ion- gear efficiency percent 90 

Intercooler effectiveness l‘ QV60 

Exponent n for compression: in engine 1.42 

Exponent n* for oxparstrfh- in engine 1.20 

Engine weight)' V . pounds 1375 

P.ociprocatiBg~compre83or weight- (for air injection of fuel) 

l. r rc , pounds 230 

Spodific weight of each auxiliary component: 

fisrbine v._ , pound per horsepower 0.30 

: Compressor w Q , pound per horsopower C.20 

Seduction gears v CT , pound per horsepower 0.25 



NACA ACE Ho, E5D10 


The values of the polytropic exponents n and n' were 
chosen after a study was made of indicator diagrams taken on a 
Diesel engine (unpublished data on the modified NACA universal test 
engine described in reference 2 taken at Langley Field, Va., in 
1931). The expansion exponent of 1.20 indicates the existence of 
further combustion after injection is completed; in the calculation 
of the fuel consumption, the fuel burned during this process is 
added to the fuel burned during the constant-pressure process. A 
Diesel fuel, dodecane, was assumed to be used with an effective 
heating value of 19,450 x (l - F/a) Btu per pound in the range under 
consideration when determined by the method outlined in the appen- 
dix, where F/A is the fuel-air ratio. This method accounts for the 
variation in the composition and the specific heats of the mixture 
throughout the cycle. The constant -volume lower heating value of 
dodecane was taken as 19,150 Btu per pound at 60° F. 

The compressor and turbine efficiencies listed are character- 
istic of modern compressor and turbine performance. Higher effi- 
ciencies, when they are obtained, will yield greater net powers than 
stated in this report. The weights of the components are also rep- 
resentative of present equipment and are believed to be conservative 

The density of the fresh charge in the cylinder before it was 
mixed with the residual gas was assumed to be equal to the density 
in the inlet manifold. This assumption can be made inasmuch as the 
errors that are introduced will bo compensated for by the air which 
is added during the fuel-injection period; this injected air was not 
considered in the computations. If liquid-fuel injection is used or 
if the engine operates wltbf'& low volumetric efficiency, the power 
output of the system will be reduced according to the decrease in 
air flow. 

The method of analysis, in general, was to vary the inlet and 
the exhaust pressures of the engine and to compute in each case the 
powers of the various components, the fuel consumption, and the over 
all weight, subject to the conditions listed in this section. The 
net power was taken as equal to the engine power plus the difference 
between the turbine and the compressor powers multiplied by the 
reduction-gear efficiency. The equations used in this computation 
are included in the appendix. 


DISCUSSION 

Figure 2 shows power, specific weight, specific fuel consump- 
tion, engine compression ratio, and fuel-air ratio at various engine 
inlet pressures for the illustrative case at sea level in which the 
turbine and the compressor are geared to the engine shaft and the 
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engine inlet pressure is equal to the engine exhaust hack pressure. 

A turbine and a compressor, each with an efficiency of 7C percent, 
are assumed to give the desired engine inlet pressure. In order 
that the maximum cylinder pressure of 1200 pounds per square inch 
will not he exceeded, the engine compression ratio must he decreased 
as the engine inlet pressure is increased. The loss in efficiency 
"because of this reduction in the compression ratio of the engine is 
partly compensated for by the additional compression and expansion 
in the turbine and the compressor, and the net change in specific 
fuel consumption is small. 

/Jif. the engine inlet, and exhaust pressures are increased, the 
net power output increases in the range shown in figure 2. When 
the inlet pressure is increased above 4 atmospheres (all atmospheres 
are considered to be at sea level), the net power increases only 
slowly, whereas compressor and tui’hine powers increase more rapidly. 
I'rom practical considerations, it. does not appear feasible to operate 
at engine inlet pressures much higher this" -4 atmospheres. If the 
turbine and the compressor efficiencies are increased considerably 
above 70 percent, the gain in not power and efficiency at pressures 
above 4 atmospheres may be siffi’clent to wa 5 " the additional dif- 
ficulty of operating at these higher engine kalet’ pressures. 

At an engine inlot pressure of 4 atmospheres, the specific 
weight of the power plant is reduced to 1.00 pound, per horsepower, 
which is 0, ; 2i.. pound per horsepower less than tt&fc of tho original 
spark- ignition engine around which fiid proposed system ft assumed 
to b© built. 

The minimum specific fuel consumption is obtained at an engine 
inlet -manifold pressure’ of 1 atmosphere, which corresponds to /ho 
cupo l charging. The engine compress Safi ratio in this case is 22 and 
the fuel-air ratio approaches the value for two theoretical mixture. 
It is very .fl'oifbtftil whether most of tile fuel could be burned at con- 
stant pressure in practice and it would beri^tessary to y'qdddO the 
compression ratio below that given to prevent exceeding tho maximum 
allcMRhIj|, 'Cylinder pressure. This reduction in compression ratio 
would be accompanied by a corresponding increase in specific fuel 
consumption. 

■tPip fuol-air ratio decreases as the engine inlot pressure is 
increased and , at a p -oBSurg? jpf 4 atmospheres, tho system operated, 
with considerable excess air. iffise clearance volume of the proposed 
engine with a high inlet pressure must bo much greater, for a given’ 
maximum cylinder pressure, than the clearance volume of the conven- 
tional Diesel engine operating on a lower inlot pressure; conse- 
quently, the rate of volume change during expansion in tho engine 
is lower for tho same engine spood and constant pressure may bo 
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maintained with a lower rate of combustion than for a conventional 
Diesel engine. This lower required rate of combustion allows a more 
complete burning during the constant-pressure process that occurs 
during a greater portion of the expansion stroke and a more nearly 
adiabatic expansion during the rest of the stroke. It is therefore 
believed that, at an inlet pressure of 4 atmospheres, the large 
amount of excess air, the high air density, and the low required 
rate of combustion are favorable for the attainment of constant- 
pressure combustion. The combination of large powers and low spe- 
cific fuel consumptions shown by figure 2 when compared with per- 
formance values of conventional aircraft engines indicates that, 
even if constant-pressure combustion is not completely achieved, 
the compound engine under discussion may still have attractive 
performance. 


Although the elimination of the intercooler would result in 
considerable loss of maxim-urn power, a gain in efficiency would he 
effected when the turbine and the compressor are geared to the 
engine shaft, as indicated by the following table calculated for 
engine inlet-manifold and exhaust-manifold pressures cf 4 atmospheres 
for sea-level operation. 


With 

intercooler 


Without 

intercooler 


Bet horsepower output 2054 

Engine horsepower 1779 

Compressor horsepower 616 

Turbine horsepower 922 

Specif i4 .Sued consump- 0.330 

tion, lb/bhp-hr 

Specific weight, lb/bhp 1.00 


1413 

1205 

465 

696 

0.296 

1.39 


In the weight calculations throughout the report, no allowance 
has been made for the weight of the intercooler. At an engine inlet 
pressure of 4 atmospheres at sea level, the weight of the inter- 
cooler is est im ated at lass than 0.04 pound per horsepower output. 


At high altitudes the performance given in figure 2 could ho 
obtained by an additional turbosupercharger and intercooler for 
maintaining sea-level atmospheric conditions at the main compressor 
inlet and the main turbine exhaust. The power in the- exhaust gas 
issuing from the main turbine would be mere than enough to operate 
the auxiliary t-urhosupercharger. 


Operation with equal engine inlet-manifold and exhaust-manifold 
pressures does not necessarily represent an optimum condition. Fig- 
ure 3 shows the performance characteristics of the system operating 
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at an inlet pressure of 4 atmospheres when the exhaust "back pressure 
is varied. At "both sea level and 30,000 feet, little difference in 
net power output exists between the case in which turbine and com- 
pressor powers are equal and the case in which engine inlet and 
exhaust pressures are equal and the turbine and the compressor are 
geared to the engine shaft. Decreasing the back pressure to a value 
that results in equal turbine and compressor powers increases the 
specific fuel consumption but decreases the weight of the 

system. 

In figure 4 is shown the performance when the turbosupercharger 
is not geared to the engine shaft and the engine fjilet pressure is 
allowed to vary. Although the turbine power i| lower than that shown 
in figure % ‘this loss is partly balanced by a gain .in' engine power 
resulting from the reduced back pressure. This type of ope rat. lor. 
offers the practical advantage of eliminating the gearing between the 
turbosuperchargcr and the engine and tji# system b# : <spm.Gs more f Ivx-- 
iblej the principal diffe&gnce -is th^l the specif.!® fuel consumption 
i s si i ght l^-Jiighe r . 

Examin&iiftll of the curves in figures 8 to- #•. indicates that 
theoretically more than 8860 horsepower may be expected from an 
engine with a displacement of 1880 inches when operated on a 

Diesel in the proposed manner without exceeding the safe max- 

imum cylinder pressure for current engines of* the safe exhaust-gas 
temperature for o arrent turbines. This power is obtained with a 
specify® fuel consumption of 0.-330- pchnd per horsepower -hour and a 
net spas if ic wei||% of 1.00: '.jx6und per horsepower when |jP| engine is 
operated; tti an inlet ‘pressure of 4 atmospheres and with 8, fuel-air 
ratio of ;? 0.0Sfv; The maintenance safe cylinder temperatures Mm 
favored by ’fite 'low fuel-%1^ hatift. 

If an excess amount of scavenging air is used for cooling the 
engine cylinder and for reducing the exhaust -gas temperatures fifty 
safe turbiiifr iteration, it may be possible to burn more fuel and 
generate "Store pbV&h in the engine. Nc appreciable reduction;, ih 
efficiency will result because most of tho power for compression of 
the ex&bss scavenging air will be realized in the turbine. Even 
'further increases in pcispy attd reductions In weight S&hSil be 
expected if the e’hgiai"® werft operated on a two -stroke cybi© tb'yhich 
this system readily leti&s itself. 

for part-lead opfthitl®®. aevsyai .ttsfhods cf varying tho power 
output are possible. The power may be reduced by decreasing the 
engine speed, the engine in|si -manifold pressure, or tho fuel -air 
ratio. These methods require that ope or mere of the following 
items be adjusted; the turblns-jiotxle area, the compressor Q/N 
(volume flow jk.r rpm) fi&r efficient operation, or the relation 
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between tho turbine, the compressor, and the engino speeds. Addi- 
tional study Is required to reveal the method of power control that 
provides maximum efficiency without excessive mechanical complication. 

For fairly high airplane speeds, a large amount of additional 
power may be available from exhaust jet propulsion. Because of the 
high turbine-nozzle-box pressure and the increased amount of exhaust 
gases handled with the proposed system, a larger proportion of tho 
power may be realized from jet thrust than from a conventional 
turbosupercharged engine. This added power would further reduce the 
specific fuel consumption. 

The proposed power plant, in general, retains the desirable 
characteristics of a Diesel plant without tho main objectionable 
features — high sp4ei|f i c weight and largo amount of external cool- 
ing — commonly associated with aircraft Diesel engines. Tho mechan- 
ical features of the proposed system will undoubtedly need some 
totalled Study but, inasmuch as the system generally lends itself 
to the use :4f aircraft equipment ffiat has already reached advanced 
stages of development,, the problems of adaptation should bo rela- 
tively simple. 


CONCLUSIONS 

In tho proposed Diesel ongi.no -compress or -turbine combination, 
based oft an engine wi'-bli a displacKSftUit of 1820 cubic, letches , a 
maximum cylinder pressure of' liSK) pounds per square inch, a maxi- 
mum exhaust -gas temperature- Qjk ZBOCi c T, an engine speed of 2400 rpm, 
equipped with an auxiliary turbine-' and compressor with efficiencies 
of 70 percent; each, and with conservative assumptions regarding other 
operating conditions, the following porf ormanco characteristics may 
ho obtained: 

1. With an engino inlet pressure of 4 sea-level atmospheres, 
tho net power output of the system would be approximately 2000 horse- 
power at a lower specific fuel consumption than is now obtained in 
the lean-cruiso condition on tho conventional spark-ignition engine. 

2. With f our -stroko -cycle engine operation, tho specific weight 
of the system would bo reduced to 1 pound per horsepower with an 
engine inlet pressure of 4 soa-levol atmospheres. 

3. Increasing the engine inlet pressure would increase both the 
compressor and the turbine powers but, if this inlet pressure were 
increased beyond 4 sea-levol atmospheres, only a small increase in 
net power would result at tho expense of higher specific fuel con- 
sumption. 
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4. The fuel-air ratio required to provide 2000 net horsepower 
at an engine inlet pressure of 4 sea-level atmospheres is 0.037. 
Because of the largo amount of oxoobs air at this mixture tho prob- 
lem of cooling should ho simpler than for tho conventional Diesel 
engine at the same specific power. 

5. Decreasing the engine- back pressures below the inlet pres- 
sure to a value that makes tho turbine and the compressor powers 
equal. Would increase the specific fuel consumption and reduce the 
turbine power and the over-all specific weight of the system, hut 
the- net powsr output would remain substantially the same . 

6. The analysis shows , in general, that it would be advanta- 
geous to add a turbine and a compressor to a Diosol engine for 
handling large quantities of excess air above that needed. Com- 
bustion even though a reduction in iffg engine compression ratio 
would be necessary fO- avoid exfepBsive cylinder pressure. Because 
of '•fto additional pr^gsufo. .rut-foa actfoas the turbine and the com- 
pressor, the resulting system would have a hl^'^ver-ali 'compres- 
sion ratio*: .The proposed system, thus would hay© a high not effi- 
ciency but would bo capable of handling larger quantities# of air 
than a given conventional engine, which would result ..Jh a higher 
specific power output. 


Aircraft Engine Research Laboratory, 

National Advisory Committ^ for Aeronautic! 
C leve laud , Ohio . 
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APPENDIX - DERIVATION OF EQUATIONS APPLICABLE 
TO THE PROPOSED CYCLE 
Symbols 

B ratio of volume of gases in the engine' after combustion to 
volume before combustion for the same temperature and 

r'm t 

pressure, 

RM e 

c specific fuel consumption, Ib/bhp-hr 

C fuel consumption, lb/sec 

c„ specific:- heat at constant pressure before combustion, 

7.72 Btu/(°F)(slug) 

c ' specific heat at constant pressure after combustion, 

P 9.60 Btu/(°P) ( slug) 

c v ' specific heat at constant volume after combustion, 

Btu/ (°F ) ( slug) 

F/A fuel-air ratio 

h effective hpat value - Of fuel, Btu/lb 

i intercooler effectiveness 

J Joule's constant, 778 ft-lb/Btu 

M mass flow of air through the system, siugs/sec 

M e mass flow of residual gases and induction air in the engine, 

slug?/ sec 

Mf mass flow of fuel, slugs/sec 

M p mass flow of residual clearance gases, slugs/sec 
Mrp total mass flow of mixture and fuel in the engine, slugs/sec 

n exponent for polytropic compression in the engine 

n' exponent for polytropic expansion in the engine 
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N engine speed, rpm 

p pressure, Ib/sq in. absolute 

P frftrsepower 

R gas constant before corfhustion, 1718 ft~lb/(°F) ( slug ) 
E 1 gas constant after combustion, 172l| ft-lb/(°F) ( slug) 

r engine compression ratio 

T . temperature, °F absolute 
v specific volume, cu ft/slug 

V volume, btt in. /cycle 

w specific weighty lb/bh'p 

¥ weight, lb 

Y ratio of specific heats before combuftipia, l.^O 

y' ratio of specific heats after combustion, l.JO 

r) efficiency, percent 

T) engine mechanical efficiency, mercer*^ 

Sih3c®l.|Jts : .: 

1 to 11 (points of the cycle (fig. 1)): 

1 atmospheric aip 

2 after epmoresaidn in compressor 
after interceding; 

3 mixture bsAJErfe compress'} on In the onping* 

h after in the engine 

5 end of constant-pressure combustion 

6 end of expansion 
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7 in cylinder alter blowdown 
3 in cylinder before intake valve is opened 
9 in cylinder after intake valve is opened 
1G turbine inlet 

11 turbine exhaust 

a during constant-pressure combustion 

b during polytropic expansion 

c compressor 

d displacement 

e engine 

f fuel 

g #e'ductiofii gearfS; 

Mi J#t 

r residual gases 

rc reciprocal ijjjj enrnnrassor 

t turbine' 

$ total 

The prime indicates the value during and after combustion. 


Equations 

The compressor power for a pressure ratio of P 2 /Px is gi ven 
by 


P c JCpT]^ 

"m ~ 550 q c 



(bhp)(sec)/(slug) 


( 1 ) 


I 
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and the temperature after compression by 

T 2 " T 1 + ~ j °F absolute ( 2 ) 

The temperature after intercoo'ling with an. intercooler hi effec- 
tiveness. si 

Tj. = T 2 - i (Tp - T]_), absolute (j) 


For a maximum iblfiptcature at the turbine inlet T^q the formula 
for the turbine oo ner is 


% = r »t Jc p' T 10 
M = HO 

where '.j i‘' r c 

and compressor powers ht. 
fottfid irorr quatfon (1 ) 


f r'-i ~| 

1 -(— ) , (bhp)(;;gc)/(-slur) (4) 

L W J 

e;#Aust bach presrwrc,, Tlnaq -tfi© turbine 
a equal, jAjfe sssnrft can be 

by sett i r Pp/M = ? s /fe (equatlh# (l) ) . 


The clearance volume V}, Is related, to the total volume V^ 
or by the equation 


% |H\ l/n V4 + v i 4 
% " \ Pai _ v 4 " + % 




from which 

' % = ~I7n — 3 cu sip- -/cycle 

(Pl+/ p 2) - 1 


t0 


The residual eases left jn tho cyD undor arc com reseed frott pres- 
sure to p 2 by the fresh charge after -flee Inlet val’l@''js,' 

ooonsd. The, 'volume of' line residual pas after this eqmpu^bsion is 
given by the adi^Wtip formula 

V Q = Vi (— ! j CU. in. /cycle (7) 

.9 U[ P2 j 


where V| = V^. 
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Burn ftg the intake stroke the mass of air drawn into the cyl- 
inder for four-stroke operation is given by 


(V3 ~ V 9 ) P 2 N/2 

60 x 12 x R x 1* 
?i 


slugs /sec 


( 8 ) 


The initial mass during the engine cycle is 

M e = M + Mj.* sOngs/sec (9) 

and the total mass at the end of the expansion stroke is 

M t = M + M r + M f = M(1 + F/A) + M r> digs /sec (10) 

where ih><$ Wdss of residual gases M r is 

4 i/V 




„ ,1/T' 4.9M 


A > 'P6/ 




• , slugs/sec (.11) 


ijsp l i o£ the gases before ^towdovm and the energy 

nf the £h£>s ’] n are equated 


m #^7 m . ly^op.t 

V, + — — = inn + ; — 


... + L) ^6(P? ~ M - T 

6 Jr ' _ T 10 


1 ^( p 6 - p ? ) v 6 (^ 6 - p 7 ^' t 6 

T 10 " t 6 T 6 " 




Since Vz = V 7 


i r il 

b y 


°F absolute 


( 12 ) 

(13) 

(HO 
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Nearly all of the fuel is burned during constant-pressure 
expansion so that the temperature before polytropic expansion 

to give Tg at the end of the stroke can be given by 

n’-l 

5 ° F absolu,bs (2$) 


The fuel consumption during the constant-pressure expansion 
is 

C a = ~^T“ (T 5 “ V s lb/sec (21) 

and during the polytropic expansion 

c b = lb / sec (22) 

If an acsftfate value of thb- fuel cbhaiHfptiion in desired, an 
ef‘%btive heating value h, for use in equations (21) and (22), can 
be calculated from an analysis ot the cycle wivolviay variable 
values of c p , Y, ft&d, R. An ei^&rical equation applicable only 
to tJVi s apal^sis was fount and>,i.n the pSngp under consideration 
for the illustrate v * ca$c, h was found to be 19*450 x (1 - F/A) "Sift 
per pound for d odncaoc ,, The total Cut*l bonsunphion trill filft'n be 

4f = 0 a + , ft/ sec C$0 


fttil the mass M from equation (3), the compressor and 
powers can be •jfoana from equations (1) and Ci), respectively. 


Tftg enjfi»Si; brake horsepower for the foregoing conditions is 
given by the following formula, which is a summation of: tfe powers 
for each of the processes during the cycle: 


- - Ti^ 


(P 2 - P ? )V d N/2 M e RT 
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n-1 

fM n . 

\p 2 | 
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Engine exhaust back pressure, sea-level atmosphi 


igure 3. - Performance of a modified aircraft 
engine with 1820 cubic-inch displacement equipped 
with geared turbine and compressor and fuel-injec- 
tion equipment with engine inlet pressure equal 
to 4 sea-level atmospheres^ 
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